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Abstract. The changes arising from variations in solar activity and human activities on 
atmospheric composition and thermal structure of the middle atmosphere, specially in the ion 
composition, are assessed using interactive one- and two-dimensional chemical models of the 
stratosphere, mesosphere, and lower thermosphere. The changes from anthropogenic a tivities are 
less in magnitude but permanent in nature, and changes due to variations in the solar activity are 
comparatively higher but periodic. Our results may have bearing and could explain some of the 
results reported in recent literature on observed lower ionospheric data and strengthen the global 
change concept in this region. Model response to available observations i  quite reasonable, and a 
good agreement on temperature trend and ionization parameters i found. The impact of increasing 
concentrations of several greenhouse gases (anthropogenic origin) and variations in solar activity 
on the ion composition, temperature, and neutral species (of interest to ionization) is examined in 
two different modeling studies. In each case, the effect of the other forcing is filtered out. A 
cooling of the order of-10øK in the mesosphere and a maximum of-14øK in the stratosphere is 
predicted fro' the double-CO2 scenario. A decreasing trend in nitric oxide number density from 
-40% to -95% with altitude is noticed for the double-CO2 case contrary to an increasing trend 
(10% to 140%) for high solar activity (HSA) as compared to low solar activity (LSA) conditions 
in the mesosphere and the lower thermosphere. Asa result of changes in temperature and in the 
concentrations of NO, O2, H20, O, CH3CN, a decreasing trend of-50% for the double-CO: case 
and an increasing trend of 60% for HSA as compared to LSA are predicted in NO + ion number 
density near the mesopause for the tropics. The variations in water cluster ions are negligible in 
the stratosphere but reach to -50% in the lower thermosphere for the double-CO: scenario. The 
total ion density varies from-30% at 40 km to +30% at 90 km for HSA as compared to LSA 
conditions and from -5% to 12% from the stratosphere to the mesosphere for the double-CO: 
scenario. 
1. Introduction 
There is continued interest in the issue of anthropogenically 
induced perturbations in the atmosphere and their impact on 
global climate change. It has recently been realized that such 
influences are not only confined to the lower atmosphere but may 
also affect the middle and upper atmosphere [Beig and Mitra, 
1997a; Roble, 1995; Roble and Dickinson, 1989]. Of special 
interest is the question of whether these changes also impact on 
the ion chemistry. This question was addressed in detail recently 
by Beig and Mitra [1997b] for the middle atmosphere and by 
Thomas [1996] for the ionosphere. In fact, Beig and Brasseur 
[1999] recently postulated that human activities might influence 
the tropospheric ion composition. Danilov [1997] and Danilov 
and Smirnova [1997] have reviewed the long-term variations in 
temperature and composition of the mesosphere and 
thermosphere. Roble and Dickinson [1989] and Rishbeth and 
Roble [1992] were the first to initiate the studies that related 
possible changes of the ionospheric structure to increasing 
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concentrations of greenhouse gases from anthropogenic a tivities. 
Rishbeth [1997] reported that changes in ionospheric parameters, 
such as lowering of the F2 layer peak height, are due to changing 
boundary conditions in the mesopause r gion. Beig and Mitra 
[1997a,b] have recently examined a potentially important role of 
changes in the atmosphere in the middle atmospheric ionization; 
they reported a significant variation in several ionic parameters. 
Several authors [Taubenheim et al., 1990, 1997; Bremer, 1992, 
1998; Gadsden, 1990; Semenov, 1996, 1998] have reported a 
possible greenhouse effect in the ionsophere based on an analysis 
of the long-term database of ionospheric observations. Lastovicka 
[1994] has inferred long-term trends in planetary wave activity 
from radio wave absorption data, which are closely related to 
trends in the temperature and atmospheric composition that may 
be correlated with a possible greenhouse signal. The variations in 
stratospheric temperatures can be found in the World 
Meteorological Organization (WMO) ozone assessment reports 
[WMO, 1995]. In addition, the Stratospheric Processes and Their 
Role in Climate (SPARC) program, a project of World Climate 
Research Program (WCRP) has set up a Stratospheric 
Temperature Trends Assessment (STTA) group that will bring 
together all available data sets and review the data [WMO, 1999]. 
Ramaswamy [ 1999] has presented a comprehensive review of this 
report. The analysis of systematic changes in temperature trend in 
the mesosphere and thermosphere has not been as comprehensive 
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as the above. Recently, the final recommendations of the 
International Workshop on Cooling and Sinking of the Middle 
Atmosphere have been published [Golitsyn, 1998]. This report 
documented that systematic global cooling of the middle and 
upper atmosphere occurs at a rate of several degrees Kelvin per 
decade. As a result of this cooling trend, the upper layers of the 
atmosphere sink by 0.04 km/yr at 50 km and 1.5 km/yr at 300 km 
[Golitsyn et al., 1996]. Golitsyn et al. [1999] have correlated the 
increase in methane and decrease in ozone concentrations with 
temperature variations of the upper atmosphere. Akmaev and 
Fomichev [1998] have reviewed the status of the changes in 
thermal structure of the middle atmosphere, such as doubling of 
the CO2 concentration, which indicates a consistent cooling trend 
of the middle and upper atmosphere. However, the early results 
reported by Luebken et al. [1996] and OfJ•rrnan et al. [ 1996] are 
in contrast with the present findings. Luebken et al. [ 1996] found 
no evidence for systematic, temporal variations in temperature 
during the past two decades, but Offerman et al. [1996] and 
Offerman and Graef [1992] have observed an increase in 
temperature during the same period. 
In this work we report a detailed modeling study of the long- 
term anthropogenic mpact on composition and thermal structure 
of the middle atmosphere. A prerequisite for such a study is 
detailed knowledge of the variations due to natural sources 
[WMO, 1995]. Natural variations arising on decadal and longer 
timescales may also play a significant role in long-term trend 
calculations. One of the major sources for decadal natural 
variations in the atmosphere is the 11-year solar activity cycle 
[Brasseur and Solomon, 1986]. The electromagnetic flux emitted 
by the Sun varies mostly in the shorter wavelengths and at 
different timescales [Donnelly, 1991]. There are several 
theoretical [Brasseur, 1993; Wuebbles et al., 1991] and 
experimental studies [Hood et al., 1991; Hood, 1997] on solar 
flux to suggest hat periodic changes during the 11-year solar 
cycle should affect the chemical composition and thermal 
structure of the middle atmosphere, and subsequently the ion 
composition. 
We attempted model calculations of changes in ion 
composition and related neutral and thermal parameters from the 
tropopause to the lower thermosphere arising from long-term 
anthropogenic activities, called "permanent changes", and from 
solar cycle variability, called "periodic hanges". For this purpose, 
we have used an interactive two-dimensional (2-D), and a one- 
dimensional ( -D) model including ion chemistry. 
2. Model Description 
Models used in this work have been described in detail 
elsewhere [Beig and Mitra, 1997a,b; Beig et al., 1993]. A 2-D 
neutral-ion composition model was used to model for 
stratosphere; a 1-D model was used to evaluate the changes in the 
mesosphere and lower thermosphere (70-120 km). The first model 
extends from Earth's surface to the mesosphere and from the south 
to the north poles with a spatial resolution of 1 km in height and 
5 ø in latitude. The stratospheric positive ion chemistry scheme of 
this model was modified from the earlier version [Beig et al., 
1993] and now includes the effects of variation in aerosol 
concentration on the stratospheric ion composition. This new 
positive ion scheme for nine positive ions is shown in Figure 1. 
The production mechanism of stratospheric ions starts with 
ionization of 02 and N2 by galactic cosmic rays to form the 
precursor positive ions 02 + and N2 +. N2 + immediately converts o 
02 + by charge xchange with 02 (this channel is not shown in 
Figure 1). In the following chain of reactions, water cluster ions 
are formed. In Figure 1, H+(H20)• represents the sum of all major 
water cluster ions, known as proton hydrate (PH) ions excluding 
H+(H20) and H+(H20)2. When these water cluster ions react with 
acetonitrile (CH3CN), acetonitrile water cluster ions, 
H+.CH3CN.(H20)m, areformed that represent the sum of all the 
positive ions of this family and are shown as NPH in Figure 1. In 
the presence of small-sized aerosol particles, the process of 
aerosol attachment with acetonitrile water cluster ions takes place 
and complex heavy aerosol cluster ions are formed such as 
H+.(aerosol).CH3CN.(H20)m. Theseions are shown in Figure 1 as 
A + (NPH) and represent the sum of all heavy ions of this family. 
A similar process of formation of clustered aerosol ions was 
recently proposed by Beig and Brasseur [1999] for the lower 
atmosphere and by Datta et al. [ 1987] for the middle atmosphere. 
However, this pathway may not be important in the stratosphere 
where aerosol concentrations are very low under normal 
conditions and would therefore be negligible at the higher 
altitudes. The loss of ions from the stratosphere ismainly due to 
ion-ion recombination and attachment processes. We used the 
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Figure 1. Positive ion chemistry scheme used in this work and modified after Beig et al. [ 1993]. 
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value of ion-ion recombinations from Beig et al. [1993] for both 
two-body and three-body recombinations. We adopted the 
effective attachment coefficient, [3 - 2 x 10 -6 cm3/s, from Beig and 
Brasseur [ 1999]. 
In addition to the above mentioned nine positive ions, the 2-D 
model includes 64 neutral species of the oxygen, hydrogen, 
nitrogen, chlorine, fluorine, bromine, carbon, and sulfur families. 
We used the transformed Eulerian mean equations that make 
interpretations of the influence of waves straightforward. 
Momentum deposition associated with gravity wave breaking 
[Lindzen, 1981] and with Rossby wave absorption are 
parameterized lo derive the transformed Eulerian mean circulation 
in the model. The infrared radiative transfer is treated according to 
the descriptions by Kiehl et al. [1987] and Ramanathan et al. 
[1985]. For the calculation of the dynamical parameters, the lower 
boundary is assumed to be at !5 k•m... This 2-D model first 
calculates the concentrations of neutral species and the 
temperature, which are used as input to the stratospheric ion 
chemistry. Continuity equations for all ions (Figure 1) are written 
and solved simultaneously for steady state conditions assuming 
ionic charge neutrality. Calculations are performed at an interval 
of 1 km and from pole to pole with a 5 ø resolution for the 
stratosphere. The 1-D neutral ionic model used for altitudes 
ranging from 70 to 120 km includes a number of neutral and 
ionic species. The ion chemistry used for this region is different 
from that of the stratosphere and is described in detail by Beig and 
Mitra [1997b]. In this model, interacting ion continuity 
equations are solved simultaneously using the matrix inversion 
method. Curtis and Goody [1956] found a breakdown of local 
thermal equilibrium (LTE) in the middle atmosphere for the 
15-gm CO2 band above about 70 km. Hence we adopted the non- 
LTE approach in the spectral region of CO2 [Berger and Dameris, 
1993; Akmaev and Fomichev, 1998] in the model. In the 2-D 
model, which yields the temperatures between 15 and 60 km for 
our work, the Newtonian cooling approximation is used because 
non-LTE is not likely to exist at those altitudes. 
3. Scenario Summary 
The forcing parameters, which will most likely to undergo a 
drastic change with time due to human activities, are carbon 
dioxide, nitrous oxide, methane, and chlorofluorocarbons (CFCs). 
This is anticipated based on the present growth rates of these 
greenhouse gases [WMO, 1990, 1995, 1999]. These trace gases 
contribute the most to changes in the chemical and thermal 
structure of the atmosphere. In the present work the prediction of 
future climate responses in the stratosphere is examined as semi 
continuous time lines of quantities, such as chlorine loading and 
other trace gas variations, well into the 21st century. We assumed 
that the tropospheric volume mixing ratio of carbon dioxide by the 
end of 2050 would be twice that of the present-day value (1995 
reference level), and it is taken as 712 ppm. The methane mixing 
ratio is also considered to be doubled (3.4 ppm) relative to 1995. 
Nitrous oxide and CFCs are taken as per the business-as-usual 
scenario (BAU) [Beig and Mitra, 1997a] and yield an N20 
volume mixing ratio of 365 ppb and total chlorine loading due to 
the CFCs of 11.7 ppb for 2050. Concentrations of all other 
species, including SOx, are kept at ambient levels, with the 
assumption that they may not play a significant role in our model 
calculations. The above mentioned scenario for 2050 will be 
referred as the "double-CO2 case" and the variation in different 
parameters for this scenario is calculated with respect o reference 
level (1995) in this paper. To filter out an effect due to changes in 
the solar activity, we assume identical solar activity conditions for 
1995 and in the double-CO2 case. 
In another modeling study for the stratosphere, two different 
cases are considered, namely, low solar activity (LSA) and high 
solar activity (HSA) conditions. The solar actinic flux at the top of 
the atmosphere used in the present model for calculating 
photolysis and short-wave heating rates is adopted from 
Brasseur [1993] and is considered to be of LSA conditions. The 
flux is increased between 120 and 300 nm by the relative value as 
a function of wavelength for HSA. Model calculations are 
performed for peak-to-peak variations during the 11-year solar 
cycle. In this simulation a base level scenario for anthropogenic 
forcing of the parameters is considered to filter out effects due to 
human forcing. In the mesosphere and lower thermosphere, the 
effects of solar activity are likely to play a very significant role in 
the ionization mechanism and our 1-D model will consider two 
scenarios of LSA (F10.7 = 70 units) and HSA (F10.7-- 250 units). 
The variation in any parameter for HSA with respect o LSA will 
be referred to as variation in "typical solar cycle" in the rest of this 
paper. 
4. Coupling of Neutrals and Ion Chemistry 
The role of neutral chemistry on ion chemistry in those 
different scenarios will be discussed briefly along with the 
influence of temperature on ionization reactions. The role of ion 
chemistry that may influence the neutral species will also be 
discussed, although it is believed to be of little significance under 
ambient atmospheric conditions. It may play an important role 
during periods of perturbations that can occur during solar proton 
events or during volcanic eruptions, etc. 
4.1. Neutrals Influencing Ionization 
There are several neutral trace gases, which take part in the 
ion chemistry we consider in this paper. Some species play a 
major role in the positive ion chemistry, for example, water vapor, 
acetonitrile, nitric oxide, and atomic oxygen along with major 
neutrals (O2+N2) and temperatures in the middle and upper 
atmosphere [Beig and Mitra, 1997a]. The sequence of dominant 
reaction paths involving ionic reactions includes 
O +cosmic rays---> O + - 
2 2 
H20,T 
+ CH3CN,T + aerosol,T H (H20) n >H (CH3CN)(H20)rn 
H + (aerosol) (CH3CN) (H20)m 
Variations in any of the above parameters (which are 02, H20, 
CH3CN, aerosol, T, etc.) will significantly alter the ion 
composition in the stratosphere. In the regions above the 
stratosphere, as considered in this work, several other paths 
become significant, while some of the above mentioned reactions 
will play a minor role. The important reaction paths in the 
mesosphere and lower thermosphere are 
+ H20,T + O + cos mic rays ---> O > H (H (1) 2 2 20)n• 
NO + hv Lyman-ot > NO + H20'M'T 
NO + (H O)n H20'T > H+ (H O)n, (2) 2 2 
NO + CO2'M'T >NO +.Co , (3) 
2 
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where M denotes neutral number density. Variations in 
production rates due to cosmic rays, extreme ultraviolet, and 
Lyman alpha radiations along with nitric oxide densities become 
very significant when variations in the solar activity are 
considered. In the case of the double-CO2 scenario, the other 
parameters in reactions (1), (2) and (3) also become significant. 
4.2. /on Influence on Neutral Chemistry 
In the regions considered in this work, ions are minor species, 
that is, 1-10 part in 10 million by volume compared to neutral 
species. Nevertheless, there are a few processes wherein ions may 
play a significant role under special conditions and affect the 
chemistry of neutral species. These processes in the stratosphere 
are discussed in detail by Arijs [1992]. The major ionization 
products ofgalactic cosmic rays start with N2 + and O2*, but about 
20% of O + and N + ions that are also formed are rapidly 
converted to NO + and 02 +. The reaction with 02 and N2 releases 
atomic nitrogen that provides an additional source of nitric oxide 
after reacting with 02 and 03, as follows: 
N+O2 -•--> NO+O, 
N + 03 • NO + 02. 
These additional reactions make a minor contribution to the 
total nitric oxide density under ambient conditions compared to 
the major nitric oxide source via N20 oxidation. However, during 
solar proton events or polar cap absorption (PCA) events, the 
production f [NO] becomes significant by this secondary 
mechanism. It may contribute to ozone destruction through well- 
known catalytic ycles. 
Ion chemistry is used to explain a phenomenon called "Noxon 
cliffs" [Noxon, 1979], which consists of ion-assisted catalysis of 
the conversion. Forexample, the reaction N205 + H20 --> 2HNO 3
is very slow in gas phase, it can proceed more rapidly as an ion- 
molecular reaction such as PH with N205 to form HNO3 as is an 
additional mechanism toproduce HNO3. There are a few other 
possible roles of stratospheric ions such as the formation of multi- 
ion clusters [Ar•/s, 1992]. 
5. Results and Discussion 
5.1. Anthropogenic Effects 
In this section an attempt was made to compare modeling 
results with observations. The measured growth rates of the 
forcing parameters, namely, CO2, N20, CH4, and CFCs during 
the past several decades [WMO, 1995, 1999], are used as input to 
the model to evaluate their response to temperature and 
composition. We then discuss modeling results for the double- 
CO2 scenario. Several parameters show only small variations, but 
we will discuss only parameters that show significant variation. 
Important parameters of interest to stratospheric ionization that 
probably undergo significant changes are variations in the 
acetonitrile and water vapor concentrations, a d temperature; in 
the mesosphere and lower thermosphere they are nitric oxide, 
molecular nd atomic oxygen concentrations, a d temperature. 
Variations in the concentration f neutral species and thermal 
structure and changes in the ionization parameters will be 
discussed separately. 
5.1.1. Variation in thermal structure. Table I summarizes the 
available details about he observational temperature tr nd, 
procedures, duration of analyzed ata latitude and altitudes, and 
those original sources, obtained during the past few decades in the 
stratosphere, mesosphere, and lower thermosphere. Table I also 
includes the modeling results obtained in the present work for 
similar anges of altitude for comparison a d validation with the 
literature. Most of the decadal temperature trends are plotted in 
the bar diagram shown in Figure 2 for different heights in 
ascending order plus latitudes and the original references. The 
first and last bars represent our model simulations for the period 
1970-1998. Major forcing parameters were the increase in the 
concentrations f CO2, CH4, N20, and CFCs, mainly due to 
anthropogenic activities. Their growth rates during the 1970-1998 
period are based on actually observed trends [14/MO, 1995, 1999]. 
The effects of variation in solar activity are filtered as our 
calculations span more than one solar cycle. The following 
general observations can be made from Figure 2: (1) The 
observations clearly indicate mostly negative temperature changes 
in the atmosphere above the tropopause (2) There appears to be a 
latitudinal effect in the temperature changes (note that the vast 
majority of observations are for mid latitudes and data for lower 
latitudes are very limited) (3) The rate of cooling increases with 
height in the stratosphere and the thermosphere, but cooling rates 
in the mesosphere are more complex; that is, a steady increase in 
the cooling trend continues in the lower mesosphere and is 
strongest between 60-80 km, above which this negative trend 
weakens, while in the lower thermosphere, there is again a strong 
negative trend. (4) The mesopause i  the region wherein o clear 
trends exist. 
Golitsyn et al. [1999] combined the results from groups in
Russia, Georgia, and many other mid latitude observation sites 
(43øN-54øN) over the past four decades around the mesopause 
region (80-95 km) using hydroxyl airglow centered around 87 km. 
These data were corrected for several effects such as 
the solar cycle and latitude. A strong negative trend of 
-9.2øK/decade is found uring the winter season, but there was no 
discernable tr nd during the summer season. In contrast, Lowe 
[1999] reanalyzed the data for 1990-1998, filtering out some 
additional effects compared to his earlier analysis [Lowe, 1998] 
for 43øN and 47øN latitudes. Lowe [1999] found no significant 
trends, but he 95% confidence limit was too high to be definitive 
in this analysis. A combination of these results with the observed 
data obtained by the same technique for the period 1965-1967 
reveals a trend of-0.1øK (+ 1.5øK)/decade [Lowe, 1999]. Earlier, 
Lowe [1998] had reported a cooling trend of about -3øK/decade 
(at a 95% confidence l vel) by analyzing the same set of data 
for the period 1989-1998 at mid latitudes. Luebken t al. [1996] 
reported no change intemperatures at 82-83 km, but heir analysis 
was for a fixed altitude and in a relatively small area. The 
evidence from LIDAR data shows that rends may quickly change 
as a function ofaltitude, specially near the mesopause. H nce the 
results obtained by Luebken etal. [1996] are not necessarily 
contradictory with a possible minor cooling. The trend found by 
Clancy and Rusch [1989)] indicates two extreme ranges. They 
found a heating trend of5ø-15øK/decade at 65-80 km and a 
cooling trend of-10øK to -20øK/decade at 80-90 •krn. Their 
analysis was based on 5 years of data collections, and it is difficult 
to distinguish between variations caused by the solar cycle and 
long-term trends. Hence itis difficult to draw any conclusion from 
the results reported by Clancy and Rusch [ 1989], which should be 
used with caution. The results obtained byOfferman et al. [1996] 
indicating a heating trend of---10øK/decade at •-87 km contradict 
the general cooling trend, but the reasons for this anomalous result 
are not clear. Several of the temperature trends shown i  Figure 2
are derived from ionospheric data (Table I). It is important to
mention here that he results obtained by Taubenheim t al. [ 1990, 
1997, 1998] are markedly different from one another. They 
interpreted their data as a lowering of a pressure h ight, but 
assumed that he concentration of itric oxide in the mesosphere 
was constant during the past 30 years. This assumption may not 
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Table 1. Global Change and Middle Atmosphere (Thermal Status) 
Reference Technique Year of Latitude and Height 
Analysis 
Trend in Temperature 
Present work 
Beig and Mitra 
[1997a] 
Ramaswamy [1999], 
WMO [ 1999] 
Labitzke and Van Loon 
[1994] 
Angell [ 1991 ] 
WMO [ 1990] 
Aikin et al. [ 1991 ] 
Dunkerton et al. [1998] 
Lysenko [1998] 
Kokin et al. [ 1990] 
Taubenheim et al. 
[1997, 1998] 
Kokin and Lysenko 
[1994] 
Keckhut et al. [ 1995] 
Hauchecorne et al. 
[1991] 
Nestorov et al. [ 1991 ] 
Taubenheim et al. 
[ 1990] 
Ga&den [ 1990] 
Lowe [ 1998] 
Lowe [ 1999] 
Bremer [ 1997] 
Semenov [1996, 1998]; 
Golitsyn et al. [ 1996, 
1999] 
Luebken et al. [ 1996] 
Mulligan et al. 1995] 
Thomas [ 1994, 1996] 
Offerman et al. [1996]; 
Offerman and Graef 
[1992] 
Clancy and Rusch 
[1989] 
Clemesha et al. [ 1992] 
model 
temperature sonde 
(balloon-borne) 
radiosonde and satellite 
observations review of 
all data sets 
rocket data (averaged) 
rocketsonde data 
review of available data 
satellites and lidar data 
historical rocketsonde 
rocket soundings 
rocket data 
low frequency radio signal 
reflection height data 
M- 100 rocketsonde and 
radiosondes data 
l idar measurements 
lidar data 
A-3 radio wave absorption 
data 
low frequency phase 
heights 
frequency of noctilucent 
clouds 
hydroxyl emission band 
low frequency phase 
height data 
hydroxyl emission and 
atomic oxygen line in 
557.7 nm data 
falling sphere by rocket 
hydroxyl emission data 
noctilucent clouds 
appearance 
hydroxyl passive 
measurement 
satellite data 
centroid height of sodium 
layer data 
1970-1998 10øN 
30 km 
50 km 
80 km 
120 km 
1970-1980 8øN 
30 km 
40 km 
50 km 
1980-1997 global mean 
lower stratosphere (16-21 km) 
1979-1994 midlatitude 
1965-1985 10øN - 90øN 
24 km 
1973-1985 26-35 km 
36-45 km 
46-55 km 
1980s global 
lower stratosphere (---30 km) 
upper stratosphere (---40 km) 
1980-1990 44øN 
55 km 
1962-1991 midlatitude and low latitude 
1964-1995 midlatitude and low latitude 
25-50 km 
50-75 km 
1964 (1971) midlatitude and high latitude 
- 1989 upper stratosphere (-40 km) 
50-80 kin 
1961-1997 51øN 
50-80 km 
1964(1973) 49øN and 8øN 
- 1990 70 k•n 
1979-1991 44øN and 47øN 
55-75 km 
1978-1989 44øN 
60-70 km 
1959-1986 midlatitude mesosphere 
30 years 51 øN 
80 km 
1964-1982 Midlatitude 
80 km 
43øN 
87km 
midlatitude mesopause 
1990-1998 
1989-1998 
1964-1995 
1948-1995 
1923-1995 
1962-1995 
1990-1993 
over past 
1.5 century 
1981-1992 
1982-1986 
1972-1987 
midlatitudes (-50øN) 
87 km 
97 km 
70øN 
82-83 km 
53øN 
87 km 
85 km 
51øN 
-87 km 
midlatitude 
65-80 km 
80-90 km 
tropics 
92 km 
-0.45øK/decade 
-2.25øK/decade 
-4øK/decade 
-4.8øK/decade 
-0.55øK/decade 
-1.25øK/decade 
-2.0øK/decade 
-0.5øK/decade(16-21 km) 
-0.75øK/decade (stratosphere) 
-2.5øK/decade (50 km) 
-0.24øK/decade 
-0.5øK/decade 
- 1.5 øK/decade 
-2.5øK/decade 
-(0.6 to 0.8)øK/decade 
-(0.8 to 4.2)øK/decade 
-(2.5 + 1)øK/decade 
-1.7øK/decade 
-1 to -1.15øK/decade (global) 
-3.5øK/decade (tropics) 
-6.5øK/decade (midlatitude 
and high latitude) 
- 1 to -3 øK/decade 
-3 to - 10øK/decade 
-6øK/decade 
-6øK/decade (49øN) 
-4.5øK/decade (8øN) 
> -4øK/decade 
-4øK/decade 
- 1.93 øK/decade 
- 1.4øK/decade 
-2.5øK/decade 
-3øK/decade (Lowe, 1998) 
-0.1øK/decade (+ 1.5øK) (Lowe, 1999) 
-0.9 to -2.2øK/decade 
-7øK/decade 
- 1 øK/decade 
no change 
no change 
cooling 
+9øK/decade (increse) 
+5 to + 15øK/decade 
- 10 to -20øK/decade 
-3øK/decade 
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Figure 2. Bar diagram showing the variations in temperature differences per decade based on several decades of 
experimental data obtained by various groups in the stratosphere, mesosphere, and lower thermosphere. The 
references are marked along with the latitudes (when awtilable). The results of the present work are given as first 
and last bars. 
be true, as our model results indicate strong variations innitric 
oxide concentration that may affect their interpretations. The 
temperature tr nd in the stratosphere is much better understood, 
and in most cases there is an agreement between modeling 
simulations and the observations [WMO, 1999]. The latest review 
of the observations by Ramaswamy [1999] shows a cooling trend 
of about -0.5øK/decade in the global-mean lower stratosphere fo  
16-21 km altitude since 1980. The changes in the vertical profile 
of the annual mean stratospheric temperature at mid latitudes in 
the Northern Hemisphere for the 1979-1994 period are robust 
with regard to both magnitude and statistical significance. A 
cooling trend of-0.8øK/decade that increases with altitude to 
-2.5øK/decade at 50 km is found [WMO, 1999; Ramaswamy, 
1999]. In this work a cooling of-0.45øK/decade at 30 km 
and of-2.25øK/decade at 50 km is simulated, consistent with the 
observed trend at 50 km altitude [WMO, 1999]. A better 
agreement between the present results for the stratosphere and the 
data from other sources for the same latitudinal r nge is also 
found. Agood agreement is found between the present modeling 
results for the stratosphere at 10øN and the observations for 
tropical latitudes [Beig and Mitra, 1997a; Lysenko, 1998]. A 
cooling of-4.5øK/decade t 70 km altitude inthe mesosphere was
observed at 8øN by Kokin and Lysenko [1994] analyzing M-100 
rocket data, whereas Clemesha et al. [1992] reported a trend of 
-3øK/decade at 92 km altitude for a tropical station. Present results 
indicate a cooling trend of-4 to -4.8øK/decade for altitudes 
ranging froIn 80 to 120 km at 10øN, which are in reasonably good 
agreement with these observed trends for the same latitude range. 
Killeen et al. [1997] discussed in detail the temperature 
perturbations caused by nitric oxide as a function of solar cycle 
change and increasing CO2 concentrations. They concluded from 
their 1-D model calculations that the solar cycle has little 
influence below 100 km but has a profound effect above 120 km 
altitude. Keckhut et al. [1995, and references therein] have 
analyzed the observations and found maximum cooling oZ 
-1.7 ø (+I)øK at -•40 km altitude and heating of-•2.5 ø (+l.5)øK 
between 60 and 80 km from solar maximum to solar minimum. 
The experimental results of Hood et al. /1991, and references 
therein] indicate a cooling by-0.5øK at-•35 km and almost no 
change in the stratosphere at 40 km altitude. The model 
calculations of Brasseur [1993] indicate variations of 0.3ø-1.3øK 
for 60øN and 0.3ø-løK at the equator in the altitude range of 20-60 
km. In the present work a variation of the order of-løK and 2øK 
in the stratosphere and mesosphere, spectively, is calculated 
from solar maximum tosolar minimum conditions in the tropics, 
This value is roughly in agreement with the results of Keckhut et 
al. [1995] and Hood et al. [1991] but is a little low compared with 
the results of Killeen et al. [ 1997]. 
Figure 3 shows the vertical distribution of the temperature 
difference calculated for the double-CO2 scenario as obtained in 
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this work for the stratosphere (profile 1) and the mesosphere 
(profile 2) for 10ø-45øN latitudes, as well as results reported by 
other workers for nearly identical scenarios. This figure shows 
generally good agreement among the various studies. An overall 
cooling trend above the tropopause is obvious. Our model shows 
continuous stratospheric ooling from 15 km to 50 km where the 
temperature difference reaches -14øK at the stratopause l vel, and 
a reversal at higher altitudes. Cooling is almost constant at around 
-11øK above 70 km but increases dramatically in the lower 
thermosphere. The average cooling in the stratosphere is in good 
agreement with the results obtained by other workers. Some 
discrepancies exist that are mainly caused by slightly different 
assumptions in the modeling simulations. A maximum cooling 
near the stratopause is qualitatively consistent with the results of 
Bruhl and Crutzen [1990] and Schneider et al. 1993], who also 
considered the resulting cooling caused by all forcing parameters, 
including CFCs in the atmosphere. The higher magnitude of 
temperature change of profile 3 is mainly due to the high value of 
chlorine loading considered by Bruhl and Crutzen [1990] 
compared to our study. Our results are broadly in fair agreement 
with the results obtained by others workers for the mesosphere 
[Akmaev and Fomichev, 1998; Berger and Dameris, 1993; Roble 
and Dickinson, 1989]. The general cooling trend increase with 
altitude in the lower thermosphere is similar in profiles 2, 6, and 
7, but it differs from the trend calculated by Roble and Dickinson 
[1989]. Yet, the magnitudes of the temperature difference in the 
lower thermosphere are markedly different in different models 
(Figure 3). A zone of about -40øK at 100-105 km calculated by 
Berger and Dameris [1993] is associated with the distinct 
maximum in CO2 radiative forcing around 100 km altitude. This 
result is inconsistent with the results obtained in this study and the 
work by Akmaev and Fomichev [1998], who mentioned that 
several factors might be responsible for this discrepancy. Killeen 
et al. [1997] discussed the importance of [NO] in determining the 
thermal response in the upper atmosphere. Berger and Dameris 
[1993] used a similar concentration of [NO] for the double-CO2 
scenario and in their control runs, which might be a major reason 
for the discrepancy with our results that consider the feedback of 
decreasing [NO] in the lower thermosphere. Since the same non- 
LTE approach using a parameterization of the 15-pm CO2 band 
has been incorporated in our model for altitudes greater than 70 
km (see section 2), it may not be the reason for this discrepancy. 
The result of Killeen et al. [1997] shows the lowest lower 
thermospheric ooling of the models in Figure 3. Our results are 
also comparable with the results of Portmann et al. [1995] for the 
mesosphere (not shown in Figure 3). 
5.1.2. Variation of neutrals. Several neutral species play an 
important role in the atmospheric ion composition. They are 
likely to undergo variations due to natural and anthropogenic 
changes. A comparison of our modeling results for the 
background case with observed composition was found to be quite 
reasonable [Beig and Mitra, 1997a]. The concentrations of [NO], 
[O2], [O], [H20], and [CH3CN] undergo significant variation in 
the case of the doubie-CO2 scenario. The altitude distribution 
from 15 to 120 km of the percentage change in the concentrations 
of these species for the double-CO2 scenario for the latitude range 
of 30ø-45øN is plotted in Figure 4. The vertical distribution of 
CH3CN is plotted only for the stratosphere as it takes part in ion 
chemistry for this range. The maximum decrease of-8% in 
CH•CN occurs at tropical latitudes near 40 km altitude. Above 
40 km the percentage change increases rapidly with altitude to a 
maximum of 55% at about 60 km. The vertical distribution of the 
percentage change in the concentration of water vapor for the 
double-CO2 case shows a positive trend from-2% near the 
tropopause to 13% at-40 km and continues to 22% at-100 km 
(Figure 4). The meridional distribution of H20 shows that the 
increase in water vapor concentration for the double-CO2 scenario 
is at a maximum at tropical latitudes. The total neutral number 
density shows significant variations in the upper atmosphere, such 
as the vertical distribution of [02] that decreases with altitude in 
the upper part of mesosphere from 0% at 80 km to -40% at 
110 km (Figure 4), although variations in [02] are negligible in 
the stratosphere. 
The value of percentage change in nitric oxide density for the 
double-CO2 scenario shows an increasing trend in the lower 
stratosphere with a maximum of 20% at-30 km that becomes 
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Figure 3. Vertical profile of temperature difference obtained in the present work for the double-CO2 scenario for 
altitude ranging from 10 to 120 km compared to the results from other models for near similar scenarios for 10 ø- 
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Vertical profile of the percentage abundance of 
nonproton hydrate (NPH, one of the two important families in the 
stratospheric positive ions) obtained in this work for the 
stratosphere at 45øN and compared with the available 
experimental data observed by two groups, namely, the Belgian 
Institute of Space Aeronomy, Brussels (BISA) and the Max- 
Planck-Institut fiir Kernphysik, Heidelberg (MPIH), using 
balloon-borne and rocket-borne techniques. 
negligible near the stratopause and continuously decreases to the 
lower thermosphere (Figure 4). The percentage change in ['NO] of 
-75% at 100 km becomes stronger in the lower thermosphere 
where it is found to be around-95% at 120 km altitude. The 
decrease in ['NO] for the double-CO2 scenario can be explained as 
follows: The production of [NO] at those upper atmospheric 
altitudes is mainly through the reactions 
N(4s)+O •NO+O, 
2 
K3 
N(2D) +O .... >NO+O. 2 
The temperature and [O2] number density decrease for the 
double-CO2 scenario. Hence there is a decrease in the 
temperature-dependent reaction rates K2 and K3 which along with 
a decrease in [02] number density will slow down the [NO] 
production in the mesosphere and lower thermosphere. In addition 
to this, dynamics may also play a role that controls the downward 
transport of [NO] from the thermosphere to the mesosphere. The 
vertical distribution of percentage change in atomic oxygen shows 
a decreasing trend from -2% near the tropopause to -48% at 
45 km altitude. Above 45 km this value increases to +20% at 
•-.90 km where a sharp reversal occurs and the percentage change 
in [O] becomes almost negligible at 110 km altitude. 
5.1.3. Ion composition variation. Data for the stratospheric 
ion composition obtained by mass spectrometry are available only 
at 44øN latitude. For the sake of comparison, we present our 
modeling results for 45øN in the stratosphere. In the case of the 
mesosphere and lower thermosphere, our results of 10øN only are 
considered for comparison with Thumba station (8øN) data 
available from us and with data for lower latitudes from Danilov 
and Stairnova [1997]. Figure 5a shows a comparison of our 2-D 
modeling result for the vertical distribution of non proton hydrate 
percentage abundance with the available experimental data. We 
hesitate to infer any trend in this particular stratospheric ion 
composition because (1) the scatter in the data is large compared 
to any calculated trend due to the fact that the mass spectrometry 
techniques used to measure stratospheric ions have drastically 
improved since those measurements were made [Arijs, 1992] and 
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(2) the period of data collection is too small and limited. 
Stratospheric on compositions are measured by two groups at the 
Max- Planck- Institut ftir Kemphysik (Heidelberg) (MPIH) and 
the Belgian Institute of Space Aeronomy (BISA) [Arijs, 1992] 
from a single location at 44øN. Figure 5a is a compilation of their 
data using balloon- and rocket- borne payloads. The rocket data 
for the upper stratosphere are relatively recent and were obtained 
by improved and sophisticated instruments. Our modeling profile 
agrees reasonably well with the balloon measurement in the lower 
stratosphere and shows good agreement with rocket data for the 
upper stratosphere. Our results underestimate the concentration 
compared to the balloon data in the 40-46 km range. The NPH 
ions are abundant in the lower stratosphere up to---35 km and 
decrease to become negligible at-50 km altitude (Figure 5a). Our 
results are in good agreement with the modeling results obtained 
by Beig et al. [1993]. Maximum scatter in the data is noticed at 
35-40 km, altitudes that should be resolved by conducting more 
experiments. 
Global change effects in mesospheric and thermospheric 
ionization have received attention only recently. Roble [ 1995] has 
emphasized the need to study these effects using comprehensive 
D region ionospheric models. Changes in ionization are bound to 
arise with time due to several factors, namely, a colder neutral 
atmosphere, variations in [NO] concentration, and an increase of 
water vapor because of enhanced methane oxidation. Danilov 
[1997] and Danilov and Smirnova [1997, and references therein] 
have systematically analyzed the observations for the past few 
decades in search of ionospheric trends. Beig and Mitra [1997b] 
have used the theoretical model approach to study a greenhouse 
effect in D region ionization. Figure 5b shows the observed 
trend in the ratio of two principal ions, [log (NO+/O2+)] 
measured between 1970 and 1990 [Danilov, 1997; Danilov and 
Smirnova, 1997] for the lower latitude and at 120 km altitude. Our 
modeling results for 10øN at 120 km are also shown in Figure 5b. 
Our model covered the period from 1965 to 1995 and included 
increase of the greenhouse gases CO2, CH4, N20, and CFCs from 
observations during this period at the model lower boundary. Our 
analysis eliminated effects due to variations in the solar activity 
by considering only peak-to-peak solar activity and keeping HSA 
as the reference level. The variations in the concentration ratio of 
the two major ions NO + and 02 + are chosen for this trend analysis 
because they have close masses and their ratio is unlikely to be 
influenced by the mass discrimination effects during spectrometer 
analysis [Danilov and Smirnova, 1997]. Because relative 
measurements are considered, the results depend neither on the 
absolute total ionization density nor on the sensitivity of the 
equipment. The analyses by Danilov [1997] and Danilov and 
Smirnova [1997] are based on data from 34 rocket-borne mass 
spectrometer measurements of the ion compositions at latitudes 
below 30 ø . Their results were averaged over three distinct periods 
of flights for several years. The daytime and nighttime averages 
are separately shown, along with the combined average, in 
Figure 5b at three distinct ime periods. The solid line in this 
figure indicates the best fit obtained by Danilov and Smirnova 
[1997]. It is clear from our modeled profile that there is a 
continuous decrease in the ratio (log NO+/O2) as a function of 
years in Figure 5b. This decrease isrelated to (1) the decreasing 
nitric oxide concentration that will reduce the concentration of 
NO + and (2) the effective recombination coefficient and 
associated reaction paths in ion chemistry that are highly 
temperature dependent at these altitudes and may play an 
important role when temperature decreases by -4.8øK/decade. 
Consequently, the concentration of 02 + is likely to increase, which 
will further educe the ratio (log NO+/O2) with time. The effects 
on change in [NO] concentration and cooling trend with years 
completely dominate in the ion scheme over the effects caused by 
an anticipated ecrease in the [02] number density, which will 
decrease the 02 + concentration only marginally. The modeled 
trend in Figure 5b agrees well with observed trend, although the 
magnitude of ratio is slightly different han that of the best fit by 
Danilov [1997] and Danilov and Smirnova [1997]. Our model 
profile matches well with the observed average data points 
centered around 1970 and 1985 (Figure 5b). The best fit line 
through observed ata is statistically caused due to data points 
centered around 1980. It should be mentioned that we have 
accounted only for anthropogenic effects and filtered out all the 
other effects including variation in solar activity whereas lhe 
observed ata may include other effects. This may be one of the 
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Figure 5b. The variation in the ratio of two major positive ions (log NO+/O2 +) at 120 km between 1965 and 1995 
at 10øN as simulated in this work showing global change signals. Model results are compared with experimental 
data [Danilov and Smirnova, 1997] at lower latitudes during the same period. 
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Figure 6. Model results of percentage change in major stratospheric positive ions for the double-CO2 scenario at 
45øN latitude. 
reasons for discrepancy. However, the effects of solar activity are 
periodic, and this should have been reflected in the data in the 
form of periodic peaks. Killeen et al. [1997] found periodic peaks 
in nitric-oxide-induced temperature variations that were linked to 
the variations in the solar cycle. 
The percentage variations in the major positive ions along with 
the total positive ion density and the NPH/PH ratio for the double- 
CO2 scenario in the stratosphere at 45øN latitude, are shown in 
Figure 6. The small variation in water vapor is not sufficient o 
induce significant changes in the concentrations of the PH ion 
family. The concentration of the NPH ion family is mainly driven 
by the abundance of CH3CN. The NPH ion trend decreases up to 
about-8% at 38 km followed by a sharp increase of -•30% at the 
stratopause. This trend is mainly caused by the variation in 
acetonitrile (Figure 4). The ratio of NPH/PH ions also increases 
sharply above 40 km altitude due to an increase in the NPH 
concentration. The percentage variation in this ratio is uniformly 
positive in the stratosphere. The aerosol cluster ions also show a 
positive trend that decreases with increasing altitude although it is 
not very significant, as the concentrations of these ions are almost 
negligible in this altitude range. It appears from this figure that 
there is a variation in the break up of ions, but total ion density 
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Figure 7. Percentage change in major positive ions for the double-CO2 scenario in the mesosphere and lower 
thermosphere at 10øN latitude as obtained in this work. 
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(profile 4) does not show any significant change with a maximum 
variation of-4% between 25 and 35 km altitudes. 
Figure 7 shows the anthropogenically induced perturbation i  
major positive ions and total positive ion density between 70 and 
110 km altitude and at 10øN latitude for the double-CO2 scenario. 
The total ionization density does not show any appreciable 
change, whereas different ions show a considerable variation 
(Figure 7). It is noted that the trend in the total ionization density 
in the mesosphere is positive in this figure but negative in the 
stratosphere (Figure 6). Crossover in most of the ion 
concentrations occurs at-•85 km (Figure 7). At this altitude the 
percentage change in the ions becomes almost zero except for 
negative trend in NO + . The NO + ion concentration s driven by 
[NO] number density, which decreases in the mesosphere and 
,h ..... ho•o (Figure a• q'h•o is ,h.. ,-..•;,... .... ..  v ..... -•/. l,,,o •..,. ,.au. reason •,.,1 
decline in the concentration f NO + and NO+(H2 ¸) ions shown in 
Figure 7. In addition to this, the temperature-dependent reaction 
rates play a major role in increasing the concentration f 02 + ions 
and decreasing the proton hydrate ions in the lower thermosphere 
despite the fact that the concentrations of 02 and H20 show a 
reverse trend. The percentage changes inNO +, NO+(H20), and PH 
ions show a sharp decrease above 85 km altitude with a maximum 
negative trend at 1 i 0 km altitude (Figure 7). The variation in 02 + 
ions is positive, namely, 20%, at-90 km altitude. 
5.2. Solar Activity Variations 
In this section our modeling results of atmospheric omposition 
and related parameters are discussed for different conditions of 
solar activity. A few of the parameters that are strongly affected 
by changes in the solar activity, and therefore are likely to alter 
the ion compositions, are briefly discussed. The production rate 
due to galactic cosmic rays in the stratosphere, concentrations of 
nitric oxide in the mesosphere, and changes in the concentrations 
of ion composition under different solar activity conditions are 
discussed here in detail. The temperature variations as a function 
of solar activity are discussed earlier in section 5.1.1, as they had 
to be discussed because the observations may include the 
combined effects of human-induced and solar activity variations. 
Our model incorporates these variations in temperature. 
The production rates from galactic cosmic rays (q) is calculated 
in this work at 45øN using the Bethe - Bloch formula [Velinov, 
1968] for conditions of high and low solar activity. The Bethe- 
Bloch formula is preferred because it allows the calculation of the 
production rates under different solar activity conditions at 
different latitudes. The value of q is typically much higher for 
LSA than HSA at the lower altitudes. This difference becomes 
smaller with increasing altitude and is negligible at-50 km. Our 
calculated values of q agree well with the observations of Neher 
[1967] above -15 km. It is noticed that the calculated difference 
in q l%r LSA and HSA is very small for lower latitudes, also in 
agreement with the observations of Neher [ 1967]. 
5.2.1. Variation of neutrals. The concentration of [NO] is the 
most important parameter in the mesospheric and lower 
thermospheric regions that varies under the influence of solar 
activity. Figure 8 shows the vertical distribution of the nitric oxide 
number density for two different extreme cases of solar activity, 
namely, HSA and LSA obtained in the present work (profiles P1 
and P2). These model simulations for 10øN can be compared to 
the results of a few rocket experiments carried out at Thumba 
(India) (8øN) (Figure 8; profiles Z1 and Z2). These profiles were 
measured when the values of flux at 10.7 cm (F•0.7) were 110 and 
167 units, respectively [Zalpuri et al., 1994]. Profile "TI" was 
measured by Tohmatsu and Iwagami [1976] for F10.7 = 83; profile 
"TR" was reported by Torkar et al. [1985] for F10.7 = 178 for the 
same location at Thumba (Figure 8). The variation in [NO] 
number density from HSA to LSA can be substantial [Killeen et 
al., 1997]. Our modeling study shows the same feature. Our 
model profile for El0.7 = 70 shows a minimum at-88 km in the 
[NO] concentrations. The [NO] number density increases above 
92 km altitude and reaches a maximum of 8 x 107/cm 3 at 
-107 km and then decreases toward higher altitudes. The 
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Figure 8. A comparison of the vertical distributions of nitric oxide number density obtained in this work with 
experimental profiles for different solar activity conditions inthe mesosphere and lower thermosphere at 10øN. In 
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Figure 9. Percentage change in major stratospheric positive ions for a typical solar cycle at 45øN as simulated in 
the present model. 
observed profiles of Zalpuri et al. [1994] agree with our results 
qualitatively but show lower values for [NO] up to ---100 km; 
above this altitude the modeling results agree well with the 
observations. Profile "TI" [Tohmatsu and Iwagami, 1976] 
measured more than 2 decades ago for Fi0.7 -- 83, shows low 
values of [NO] for the entire region compared to the present 
modeling study. Still, the maximum at-•110 km in this profile is 
reproduced qualitatively in the present work. If we compare the 
results for HSA conditions, a good agreement between model and 
observed profiles exists in the altitude range of 90-100 km 
(Figure 8) where a steep rise in the [NO] concentration occurs. A 
minimum in the measured [NO] profile "TR" at 86 km for HSA is 
qualitatively reproduced by our model (profile P2), which shows a 
broad minimum between 80 and 87 km altitude. The 
concentration of our modeled [NO] for HSA above 85 km is 
higher than that of measured profiles Z2 and TR. This is mainly 
due to different FI0.7 solar flux values; this value is considered 
highest (250 units) in our model profile P2 as compared to 
observed profiles. There is a maximum scatter among different 
profiles at---105 km, where a maximum in [NO] concentration 
Occurs. 
5.2.2. Ion composition variation. Figure 9 shows the vertical 
distribution of percentage change in major stratospheric positive 
ions, the total ion density (N+), and the NPH/PH ratio for a typical 
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Figure 10. Model results of percentage variation in major positive ions for a typical solar cycle in the mesosphere 
and the lower thermosphere at 10øN latitude. 
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solar cycle at 45øN latitude. The concentrations of major positive 
ions (PH and NPH) and N + decrease during atypical solar cycle, 
as shown in profiles 1, 2, and 4 respectively. The percentage 
change in total ionization density decreases teadily with altitude 
from -15% at 15 km to -32% at---40 km (Figure 9, profile 4). The 
trends for PH and NPH are almost identical but differ in 
magnitude. The maximum decrease (-42%) in PH ions occurs at 
35 km altitude. The percentage change in NPH ions reaches a 
minimum of-20% at---33 km and is negligible at 50 km altitude. 
A steady increase in the percentage change of aerosol clustered 
ions (Figure 9, profile 3) above 30 km is noticed, but these 
charged aerosols are not significant for the stratosphere. The 
NPH/PH ratio (Figure 9, profile 5) increases with altitude for a 
typical solar cycle up to ---45 km because of higher variations in 
density (Figure 9, profile 4) is caused mainly by lower production 
rates by cosmic rays during HSA than LSA conditions, which 
results in decreasing concentrations of major positive ions. 
Figure 10 shows the vertical distribution of the percentage 
change in major positive ions and the total ion density for a 
typical solar cycle between 70 and l10 km altitude at 10øN 
latitude. The percentage change in total positive ionization density 
(Figure 10, profile 5) increases from 20% at 70 km to a maximum 
of 30% at-88 km and then decreases toward higher altitudes to 
become negative at---97 kin. The maximum variation is noticed in 
the concentrations of NO* and NO * (H20) ions. The value of 
percentage change in NO* reaches a maximum of 60% at 88 km 
altitude. This is also the altitude where a maximum in the total 
ionization density occurs. A maximum in NO*(H20) occurs at 
-•100 km (Figure 10). Decreasing trends in the percentage change 
of 02 + and PH are noticed, with values of about -50% and 
-40%, respectively, at---95 km altitude. The variation in 
mesospheric onization is caused mainly by a higher concentration 
of nitric oxide density for lISA conditions. It seems likely that the 
[NO] number density caused the maximum variations in the ion 
compositions, resulting in an increase in the abundance of N(_) ' 
and NO • (tt20) ions, which caused adecrease intile concenlration 
of the other ions because of the charge neutrality condition. 
5.3. Anthropogenic Versus Solar Activity 
In this section a comparison of modeling results for selected 
but important parameters is discussed to demonstrate the relative 
importance of human and solar activity induced changes. 
Figure 11 shows the simulated percentage change in nitric oxide 
number density between 15 and 120 km altitude for both scenarios 
considered here. Our results are compared with the observations 
of Zalpuri et al. [1994] for the same latitudes to assess the 
variation due to solar activity. Our results for the double-CO2 
scenario are compared with the modeling results of Roble and 
Dickinson [1989]. Our results indicate an increase of [NO] 
concentration du• to variations in the solar activity and a decrease 
in the double-CO2 scenario (Figure 11). We modeled P I for the 
typical solar cycle and found a steady increase in the percentage 
change in [NO] concentration from 40 km to higher altitudes and 
a rapid increase at about 80 km altitude to a maximum of 140% 
between 90 and 105 km and a decrease to 110% at 110 km 
altitude. The experimental result (Z) shows huge fluctuations from 
HSA to LSA conditions. They may be real or could be artifacts. It 
may not be proper to compare these results when the fluctuations 
appears to be higher than that of possible trend in profile Z. Still, 
model variatim•s in the percentage change of [NO] concentration 
are well within the experimental range of profile Z. Profile P2 
(double-CO2 case) obtained in this work agrees with the model 
profile (RD) below up to •90 k•n, but at higher altitudes our 
results show a stronger negative trend. 
A comparison of our results for variations (percent change) of 
total ionization density and water cluster ions for both scenarios 
between 10 and 110 km altitude is shown in Figure 12. There is a 
general tendency for negative trends in the stratosphere and 
positive trend Jn the mesosphere followed by a negative trend in 
the lower thermosphere for the above parameters in both scenarios 
(Figure 12). llence the combined effects of anthropogenic and 
solar activity variations are likely to be more severe. It is also 
clear that tile magnitude of the changes in total ionization arising 
from variations in the solar activity (Figure 12, profile 2) is 
greater than anthropogenically induced variations (Figure 12, 
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Figure 11. The vertical distribution of the percentage change in nitric oxide number density in the altitude range 
10 to 120 km for a typical solar cycle along with the variation in the double-CO2 scenario (10øN). Our results are 
compared with the equatorial obserx'ations [Zalpuri et al., 1994] for the solar activity case and with the model 
profile of Roble and Dickinson [1989] for the double-CO2 scenario, 
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for the double-CO2 case modeled in this work for 45øN latitude in the middle atmosphere and in the lower 
thermosphere. 
profile 4). The PH ions (profile 1) vary up to -40% at 35 km 
altitude (HSA), but the variation is almost negligible for the 
double-CO2 scenario in the stratosphere. In the mesosphere the 
trend in PH ions variations is similar for both scenarios upto 
-90 km, where the percentage change is around -35%. 
6. Concluding Remarks 
In this paper an attempt has been made to study the changes in 
atmospheric ion compositions, related neutral species, and 
radiative parameters from the stratosphere to lower thermosphere, 
arising from variations in solar activity and due to human activity. 
It is found that both ionized and neutral atmospheric ompositions 
undergo significant variations in both the cases. The variations 
due to the solar activity are temporal in nature and revert back to 
the same values for the next solar cycle. The variations calculated 
for the double-CO2 scenario are both long-term and permanent in 
nature. Our model calculations how that the temperature trend in 
the upper stratosphere was of the order of-2øK/decade during the 
past 3 decades, which is generally consistent with observed trends 
and with other model-simulated trends. There remains a need to 
resolve outstanding questions of the temperature trend in the 
higher layers of the atmosphere, such as the observed ecrease in 
the cooling trend around 80 km altitude. Resolution of such 
discrepancies is important in assuring the correct attribution to the 
vertical profiles of temperature. Global change ffects in the ion 
composition of the middle and upper atmosphere were given the 
least attention so far. Our study does, however, confirm the few 
available observations in these regions. There seems to be a good 
consistency between the modeling results for the variations in 
upper atmospheric ratio of (NO+/O2 +) and the observed trends. 
It is shown that an increase in the concentration of nitric oxide 
up to 140% for HSA as compared to LSA conditions and a 
decrease up to-80% for the double-CO2 scenario in the 
mesosphere is one of the major reasons for the modeled and 
observed variations in ionized parameters for this region. In 
addition, cooling of-10øK in the mesosphere and zero to -14øK in 
the stratosphere, a decrease in the acetonitrile number density 
(- 10% at 40 km), and an increase in water vapor to 22% at 100 km 
are additional factors that were found to cause variations in 
charged species for the double-CO2 scenario. The total ionization 
density does not show any appreciable variations for the double- 
CO2 scenario but it shows a considerable variation with increasing 
flux of solar activity. 
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